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Abstract. Release and uptake of NO was measured in a slightly alkaline (pH 7.8) and an
acidic (pH 4.7) cambisol. In the alkaline soil under aerobic conditions, NO release was
stimulated by ammonium and inhibited by nitrapyrin. Nitrate accumulated simultaneously
and was also inhibited by nitrapyrin. 1NO was released after fertilization with ’NH,NO,
but not with NH}’NO,. The results indicate that in aerobic alkaline cambisol NO was
mainly produced during nitrification of ammonium. The results were different under
anaerobic conditions and also in the acidic cambisol. There, NO release was stimulated by
nitrate and not by ammonium, and was inhibited by chlorate and not by nitrapyrin
indicating that NO production was exclusively due to reduction of nitrate. The results were
confirmed by ’NO being released mainly from NH}NO, rather than from ''NH,NO,. The
observed patterns of NO release were explained by the NO production processes being
stimulated by either ammonium or nitrate in the two different soils, whereas the NO
consumption processes being only stimulated by nitrate. NO release was larger than N,O
release, but both were small compared to changes in concentrations of soil ammonium or
nitrate.

Introduction

Nitric oxide plays an important role in the chemistry of the atmosphere
and is believed to result in an increase of tropospheric ozone (Crutzen
1979; Singh 1987). NO is emitted into the atmosphere mainly by antro-
pogenic processes, such as combustion of fossil fuels and biomass burning.
However, soils obviously can also act as a significant source for atmos-
pheric NO. Numerous field measurements have confirmed that NO is
produced and emitted from soils (for review see Conrad 1991; Johansson
1989). A few field studies demonstrated that atmospheric NO can also be
taken up by soils (Slemr & Seiler 1984; Johansson 1984; Johansson &
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Granat 1984). The operation in soil of both microbial production and
uptake of NO was corroborated by laboratory experiments which also
demonstrated the existence of a NO compensation mixing ratio at which
production and consumption of NO just balance each other (Johansson &
Galbally 1984; Remde et al. 1989).

Experiments with microbial cultures have shown that NO can be
produced by nitrifying as well as by denitrifying bacteria. However, the
relative importance of these two groups of microorganisms for NO
metabolism in soils is not well understood (Firestone & Davidson 1989;
Conrad 1991). Therefore, we studied the effects of incubation conditions
on the production of NO in two different soils, to elucidate the impor-
tance of either nitrification or denitrification. NO production by nitrifica-
tion was enhanced by addition of ammonium under aerobic conditions,
and was inhibited by treatment of the soil with nitrapyrin. NO production
by denitrification, on the other hand, was enhanced by addition of nitrate
under anaerobic conditions, and was inhibited by treatment of the soil
with chlorate. The origin of the released NO was in addition studied by
measuring the conversion of either N-labelled ammonium or 'N-
labelled nitrate to *NO. The results show that NO release was dominated
by nitrification in one soil, and by denitrification in the other demon-
strating that both processes can be of importance for control of NO
emission into the atmosphere.

Methods

Two different soils were used, an acidic and an alkaline cambisol, which
were sampled from the A; horizon (about 10 cm deep) of locations in the
vicinity of Konstanz as described by Remde et al., 1989. The soil samples
were stored in a cold room (8 °C) in fresh state for up to 6 weeks. The
soils were homogenized and passed through a screen (2mm mesh) imme-
diately before use. The origin and main characteristics of the soils are
given together with the average concentration (£SD) of ammonium,
nitrite, and nitrate in Table 1.

The soils were either incubated aerobically (air atmosphere) or anaero-
bically (N, atmosphere). The soils were either left untreated (control) or
were treated with ammonium or nitrate to stimulate nitrification or
denitrification, respectively. In some experiments, the soils were treated
with ammonium nitrate which was labelled with !*N in either the ammo-
nium or the nitrate position to trace the origin of the released NO.
Nitrapyrin or chlorate was added to inhibit ammonium oxidation or
nitrate reduction, respectively. The soil treatments were done by spraying
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2—7 ml of either water (control) or solutions of nitrogen compounds or
inhibitors onto soil samples (150 g) and mixing them. An aliquot (100 g)
was placed in an Erlenmeyer flask (1000 ml) used as incubation vessel.
Measurements of NO release were started 1 h afterwards. The rest of the
soil was used for chemical analysis. The following concentrations were
applied: NH,Cl or KNO; (84 or 840 ppm N or ug N g! soil), 1°N-
labelled NH,NO; (3.5 mg N g™! soil), nitrapyrin (10 ug g™' soil), and
KCIO; (240 ug g™! soil). Nitrapyrin (Dow Chemicals, Midlands, MI) was
applied 12 h (incubation at 8 °C) before the start of the experiment to
overcome the lag phase of inhibition of the nitrification activity (Belser &
Schmidt 1981). The inhibitory effect of nitrapyrin was assessed over the
whole period of the experiment. Chlorate (Fluka, Neu-Ulm, Germany)
was applied when NO release had reached maximum rates. Since the
effect of chlorate is short term (Karki et al. 1972), its inhibitory effect was
assessed over a period of only 1h.

The effect of nitrogen addition on NO release was measured in three
sets of experiments between 1987 and 1988. In the first experiment with
samples taken in August 1987, the soils were fertilized with 840 ppm N,
in the other two experiments with soil samples taken in August and
September 1988, the soils were fertilized with only 84 ppm N. The
maximum rates of NO release and the total amounts of NO released
during the measurement period of 3—4 days are summarized in Table 2.
In the second set of experiments, we also determined the release of N,O
and the change in concentrations of ammonium, nitrite and nitrate in the
soil during an incubation period of 66 h. The experiments were done with
unfertilized, ammonium-fertilized and nitrate-fertilized soil under aerobic
and anaerobic incubation conditions. One replicate was incubated in the
presence of nitrapyrin to inhibit nitrification, and another replicate was
used to test the influence of the denitrification inhibitor chlorate. The
results are shown in Tables 3—5. In the third set of experiments (Table 6)
we determined the gross rates of NO production and the rate constants of
NO consumption at a time, when the NO release rates in the fertilized
samples had reached their maximum.

The soil samples were incubated at 25 °C and flushed with a constant
flow rate (600—2000 ml min™") of either humidified N, or air. NO or NO,
was not detectable in these gases. Gas flow rates were measured and con-
trolled by mass flow controllers (HiTech, Wagner, Offenbach, Germany).
Mixing ratios of NO, NO,, and N,O were measured at the inlet and outlet
of the incubation vessel. Release of NO, NO, and N,O was measured
using the experimental setup described earlier (Remde et al. 1989). NO
was analyzed with a Thermo Electron NO, analyzer (Hopkinton, MA)
based on the chemoluminescence technique. NO, was converted to NO by
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a molybdenum converter heated to 400 °C and subtracting the original
NO signal (Slemr & Seiler 1984). NO, was never detected during our
experiments. N,O was analyzed by gas chromatography with an electron
capture detector (Perkin Elmer F22, Uberlingen, Germany) described by
Conrad & Seiler (1980). The experimental set-up allowed detection of
NO or N,O release rates higher than 0.05 ng h™! g~! soil. The net release
rates (J) were calculated from the flow rate and the difference in mixing
ratios at the inlet and outlet, and were integrated over the total incubation
time (66 h) to obtain the total amount of N released as nitrogen oxides.

The gross rate of NO production (P), and the pseudo-first-order rate
constant of NO consumption (k) were determined from measurements of
net NO release rates (J) at different NO mixing ratios (m) using the model
described by Remde et al. (1989). The model assumes that the observed
net NO release is the result of simultaneous NO production and NO
consumption, the latter being a pseudo-first-order reaction with respect to
the NO mixing ratio. The values of J and m were related to each other by
the following equation

J=P—km

The compensation mixing ratio (m.) was calculated for zero NO flux
J=0)by

P=km,

The release of 1°N-labelled NO was measured over an incubation period
of 66 h after the soil was fertilized with !’N-labelled NH,NO,. N-
labelled NH,NO; (10—13% enrichment) was obtained from Stohler/Kor
Stable Isotopes, Innerberg, Switzerland. The released *N-labelled NO was
collected by passing the gas stream at the outlet of the incubation vessel
through 10 ml of a solution of 2 M KMnO, in 0.5 M H,80,. NO (also
NH; or NO,) is oxidized to nitrate in this solution (Smith & Chalk 1979).
The formed nitrate was converted to NH; and transferred by water
vapour distillation into 10 ml 50 mH HCI (Bremner & Keeney 1965). The
resulting solution of NH,Cl was evaporated at 40 °C under vacuum to
dryness. The ratio of >N/!*N of the resulting crystals was analyzed in a
Finnigan MAT 312 mass spectrometer (Borman et al. 1985).

At the end of incubation the soil was collected from the flask, extracted
with 1M KCl (1 g per 2.5 ml) on a shaker (100 rpm) at 8 °C for 16 h, and
centrifuged. The supernatant was stored in a deep freeze (—40 °C) until
colorimetric analysis of ammonium, nitrite, and nitrate (Schlichting &
Blume 1966).
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The average concentrations (£ SD) of ammonium, nitrite, and nitrate in
the unfertilized soils are shown in Table 1. Fertilization with ammonium
or nitrate increased the concentrations of these compounds. The average
concentrations (1 SD) at the beginning of the experiments are shown in
the footnotes of Tables 3 and 4. The range of the initial concentrations of
the fertilized samples was relatively large. This variability (+10—20%)
was probably due to inhomogeneities which were not completely averaged
out by sampling aliquots of the soils which had been sprayed and mixed
with fertilizer solution. The initial nitrate concentrations generally were
lower than expected from the amount of N added (84 ppm). Possibly,
some of the nitrate had immediately been decomposed after addition of
the fertilizer.

When soil samples were fertilized with nitrogen, the rates of NO and
N,O release increased usually reaching a maximum several hours to one
day after addition. Efflux rates then decreased again and reached the rates
of the unfertilized control after 2—4 days. Addition of nitrogen apparently
stimulated the processes responsible for NO and N,O production. How-
ever, production of NO, was never observed.

The results show that the NO release rates of the unfertilized controls
were similar, but not identical in the diferent sets of experiments (Table 2).
NO release was generally stimulated by anaerobic incubation conditions,
except in the alkaline cambisol fertilized with 840 ppm ammonium-N.
Addition of fertilizer also stimulated NO release, but to different extents
depending on the soil type. In the alkaline cambisol, NO release was

Table 1. Origin and characteristics of the soils.

Location Wollmatingen Mainau forest

Soil type Alkaline cambisol Acidic cambisol
(loamy clay) (sandy clay loam)

Use Barley field Oak forest

pH 7.8 47

H,O [%] 34 23

org.C  [%] 1.36 6.16

Total N [%)] 0.08 0.32

C/N 16.81 19.55

NH,+ [ppm] 139 £ 3.1 92 + 34

NO,— [ppm| 32105 28 £ 14

NO,— [ppm] 03 + 02 04 £ 0.2
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Table 2. Maximum NO release rates and total amounts of NO released in unfertilized and
fertilized alkaline and acidic cambisol.

Experiment Maximum NO release rate [ng NO-N h~! g™}
(total NO released ! [ng NO-N g™! soil])
Sampling date August 1987 August 1988 September 1988
N added [ppm]| 840 84 84
Alkaline cambisol
H,0 [%] 322 220 24,0
Aerobic incubation
no addition 0.67 (20) 0.61 (29) 0.58
+NH,+ 679 (970) 570 (179) 2.70
+NO,— 13.0 (130) 0.89 (36) 0.87
Anaerobic incubation
no addition 240 (210) 450 (179) 183
+ NH,+ 428 (60) 48.0 (209) 470
+NO;— 486 (12940) 1050 (2840) 858
Acidic cambisol
H,0 [%] 333 35.1 374
Aerobic incubation
no addition 365  (140) 067  (22) 0.60
+NH,+ 387 (190 072  (28) 0.56
+NO,;,— 639 (2220 4.60 (159) 2.73
Anaerobic incubation
no addition 7.80 (160) 12.0 (54) 743
+NH, + 4.10 (120) 22.5 (89 2.36
+NO;—~ 155 (4930) 2004  (8310) 195

! Determined from integration of individual release rates measured during a total incuba-
tion period of 72 h and 66 h in Aug 1987 and Aug 1988, respectively.

stimulated mainly by ammonium under aerobic conditions, but stimulated
by nitrate under anaerobic conditions. In the acidic cambisol, on the other
hand, NO release was only stimulated by nitrate, both under aerobic and
anaerobic conditions. Under aerobic conditions, NO release was consis-
tently higher, when 840 ppm versus 84 ppm of fertilizer-N were applied.
However, under anaerobic conditions, increased nitrogen content did not
result in stimulated NO release.

The concentration changes of ammonium, nitrite, and nitrate in soil
were determined together with the total amounts of NO and N,O released
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(Tables 3 and 4). A net increase of decrease is indicated by a positive or
negative value, respectively. The tables include experiments in which the
soils were fertilized with ammonium and simultaneously treated with
nitrapyrin to inhibit nitrification. The total amounts of NO (and N,O)
released were only small compared to the changes of ammonium or
nitrate concentrations, especially under aerobic incubation conditions
when NO accounted for only <2.5% of the net change of soil nitrate. The
amount of released NO was generally larger than that of N,O.

The net changes of soil ammonium and nitrate under the different
incubation conditions indicate whether ammonium oxidation (nitrification)
or nitrate reduction (denitrification) was occurring. Nitrification occurred
only in the alkalaine cambisol under aerobic conditions, as evidenced by
the accumulation of nitrate. Even nitrite accumulated somewhat in the
ammonium-treated soil. Nitrapyrin significantly inhibited the decrease of
ammonium and the accumulation of nitrate and nitrite only under these
conditions (Table 3). However, the depletion of ammonium apparently

Table 3. Transformation of nitrogen in fertilized and unfertilized alkaline cambisol.

Change during Unfertilized Soil treated with

66 h [ug N g™ soil] control* NH,CI? NH,CI? KNO,*
+ nitrapyrin

Aerobic incubation

NH,+ —=57 -314 —~4.8 —6.1

NO,— —0.1 +1.6 —0.2 —0.1

NO;— +4.8 +17.3 —1.4 +1.7

NO +0.029 +0.179 +0.016 +0.036

N,O nd.* +0.119 n.d.

Sum ~1.0 —12.2 —6.4 —4.4

Anaerobic incubation

NH,+ —40 -112 -78 -8.6
NO,— —0.1 —-0.3 —~0.1 —0.1
NO,— -28 -2.7 ~1.2 -36.2
NO +0.179 +0.209 +0.209 +2.84
N,O nd. nd. +1.05
Sum —6.7 —14.0 —-8.9 ~410

Initial concentrations in the control are given in Table 1.
Initial concentration of ammonium-N: 83.4 + 15.2 ppm.
Initial concentration of nitrate-N: 59.5 *+ 10.9 ppm.

n.d. = not detectable.

B N e
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was not balanced by the production of nitrite plus nitrate. This discrep-
ancy can be explained by denitrification of the produced nitrate and nitrite
to NO, N,O and most of all, N,. However, since ammonium was also
depleted under anaerobic conditions, we assume that it was also immo-
bilized by incorporation into microbial biomass.

Except for aerobically incubated alkaline cambisol, nitrate concentra-
tions decreased in all other experiments indicating that denitrification was
more active than nitrification. Decrease of nitrate was especially large
in the nitrate-fertilized samples, but was not significantly enhanced by
anaerobic incubation of the acidic cambisol. The total depletion of
inorganic nitrogen compounds was not only due to loss of nitrate by
denitrification, but also to loss of ammonium. The loss of ammonium was
probably by immobilization, since it was similar under aerobic and
anaerobic conditions and in presence and absence of nitrapyrin (Table 4).
Immobilization of ammonium was larger in the acidic cambisol, probably
because of the higher C/N ratio in this soil.

Table 4. Transformation of nitrogen in fertilized and unfertilized acidic cambisol.

Change during Unfertilized Soil treated with
66 h [ug N g™ soil] control! NH,CI? NH,CI? KNO,?
-+ nitrapyrin

Aerobic incubation

NH,+ -1.7 —48.5 -39.2 -19
NO,— -0.1 —02 —04 —0.1
NO,— —-1.3 —-1.1 -09 —36.2
NO +0.022 +0.028 +0.028 +0.159
N,O nd.* nd. nd.

Sum -3.1 —49.8 -40.5 -390

Anaerobic incubation

NH,+ -1.0 —69.2 —49.9 —2.9
NO,— —0.4 -0.1 -0.3 -02
NO,— -1.8 -18 -2.8 —23.8
NO +0.054 +0.089 +0.089 +8.31
N,O nd. n.d. +2.16
Sum —-32 =71.0 ~-52.9 —16.4

! Initial concentrations in the control are given in Table 1.

Z Initial concentration of ammonium-N: 105.9 + 17.3 ppm.
* Initial concentration of nitrate-N: 47.5 + 4.7 ppm.

4 n.d.=not detectable.
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NO was released in all experiments irrespectively of the predominance
of nitrification or denitrification activity in soil. However, addition of
nitrapyrin inhibited the release of NO only in the alkaline cambisol (Table
5) which also exhibited nitrification activity under aerobic conditions
(Table 3). Chlorate, on the other hand, an inhibitor of nitrate reduction,
inhibited NO release only slightly under these conditions, but was an effi-
cient inhibitor under anaerobic incubation conditions (Table 5), when
denitrification was predominant. Chlorate (but no nitrapyrin) was also an
efficient inhibitor in the acidic cambisol (Table 5) which exhibited denitri-
fication activity under both aerobic and anaerobic conditions (Table 4).

The net release (J) of NO is the result of simultaneous NO production
and consumption in soil (Remde et al. 1989). The effect of addition of
ammonium or nitrate on the rate of NO production (P) and the rate
constant (k) of NO consumption is shown in Table 6. Note that gross
rates of NO production are necessarily higher than net rates of NO release
documented in Table 1. Table 6 includes the NO compensation mixing
ratios (m,) which are defined as the concentration at which production is
equal to consumption. The results confirm that NO production was stimu-
lated by anaerobic incubation conditions and was additionally stimulated,
if nitrate was added. Under aerobic conditions, NO production was stimu-
lated by ammonium in the alkaline cambisol and by nitrate in the acidic
cambisol. The stimulation increased proportional to the amount of ammo-
nium or nitrate added. NO comsumption, on the other hand, was only
stimulated by nitrate both under aerobic and anaerobic conditions. Stimu-
lation of NO production in general was more pronounced than stimulation

Table 5. Effect of inhibitors on the release of NO under aerobic and anaerobic incubation
conditions.

Experiment Inhibition [%] by
Nitrapyrin Chlorate
Aerobic Anaerobic Aerobic Anaerobic

Alkaline cambisol

no addition 83 0 7 90
+ NH,CI 91 0 6 93
+ KNO; 87 0 12 92
Acidic cambisol

no addition 0 0 90 93
+ NH,Cl1 0 0 90 90

+KNO; 0 0 92 92
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Table 6. Effect of fertilization on production rate (P), consumption rate constant (k), and
compensation mixing ratio (m,) of NO in alkaline and acidic cambisol.

Experiment P k m,
g Nh~'g™'] [em>h~ g™] [ppbY]
Alkaline cambisol

Aerobic incubation

no addition 0.62 39 16
+NH,Cl (84 ppm) 2.82 33 85
+ NH,CI (840 ppm) 316 36 880
+KNO, (84 ppm) 0.92 40 23
+KNO, (840 ppm) 6.5 125 52
Anaerobic incubation

no addition 279 163 182
+ NH,CI (84 ppm) 5.6 201 27
+KNO, (84 ppm) 1165 959 1214

Acidic cambisol

Aerobic incubation

no addition 0.73 47 16
+ NH,CI1 (84 ppm) 0.72 44 16
+ NH,C1 (840 ppm) 1.5 36 41
+ KNO, (84 ppm) 4.89 67 72
+KNO; (840 ppm) 48.3 102 472
Anaerobic incubation

no addition 9.0 101 89
+ NH,CI1 (84 ppm) 5.0 36 124
+ KNO; (84 ppm) 213 260 819

of NO consumption, so that fertilization or anaerobic incubation condi-
tions usually resulted in increased NO compensation mixing ratios.

The enrichment of 'N/"N in NO released from NH,NO;-fertilized
alkaline and acidic cambisol was measured under aerobic and anaerobic
incubation conditions (Table 7). Using unlabelled NH,NO;, the released
NO generally exhibited the same low enrichment typical for natural
nitrogen as in the added fertilizer. Using "NH,NO;, NO was significantly
enriched in '’N if it was released from the alkaline cambisol incubated
under aerobic conditions demonstrating that NO was produced from
nitrification of ammonium. Under anaerobic conditions, however, addition
of labelled ammonium did not result in a distinctive enrichment with !°N
of the released NO. Instead, the addition of NH)°NO;, resulted in an
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enrichment of the released NO demonstrating that NO originated from
nitrate reduction under these conditions. In the acidic cambisol, NO
became enriched mainly from labelled nitrate rather than from labelled
ammonium both under anaerobic and aerobic conditions (Table 7).

Under aerobic conditions, the enrichment of NO with "N from
NHSNO, was low. However, it increased with the N enrichment of the
applied fertilizer indicating that some of the released NO originated from
the nitrate moiety (Table 7). However, even under anaerobic incubation
conditions, the enrichment of the released NO never reached the value of
that of the added nitrate, although nitrate was added in about 1000 fold
excess to the concentration in unfertilized soil. Dilution of the label by
oxidation of *NH,+ to '“NO;~ can be ruled out from the control with
ISNH,NO;. The same is true for a possible volatilization of '*NH; and
trappment in the permanganate solution. Hence, activities of reductive NO

Table 7. Release of 1*NO from labelled NH,NO, added to alkaline or acidic cambisol.

Experiment Enrichment with !N [%] in

added NH,NO, released NO

Alkaline cambisol

Aerobic incubation
NH,NO; 0.33 0.33 + 0.03
SNH,NO, 9.23 533t 04
NH}’NO, 10.3 044 £ 0.15
NHINO, 20 0.94
NH}’NO, 30 1.46

Anaerobic incubation

NH,NO, 0.33 0.33 + 0.03

ISNH,NO,4 923 0.9

NHISNO, 103 27+03
Acidic cambisol

Aerobic incubation

NH,NO, 033 0.30 + 0.03
ISNH,NO, 9.23 0.94 + 0.14
NH}’NO, 10.3 255+ 0.1

Anaerobic incubation

NH,NO, 0.33 0.32 + 0.03
ISNH,NO, 923 1.04 £ 0.07
NH/NO, 10.3 435+ 03

NH}*NO, 30 8.68 £ 0.09
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production must either have discriminated against the heavier isotope
(Blackmer & Bremner 1977) or the production of NO partially depended
on a pool of nitrogen which did not completely equilibrate with the
15’NO,— sprayed onto the soil.

Discussion

Our observations demonstrate that nitrification as well as denitrification
may be important for NO production in soils and consequently may be
responsible for NO emission under field conditions. Assaying two dif-
ferent soils under aerobic conditions, NO production in the alkaline
cambisol was stimulated by ammonium, inhibited by nitrapyrin and
released 'NO originating from labelled ammonium. In contrast, NO
production in the acidic cambisol was stimulated by nitrate, inhibited by
chlorate, and released >NO originating from labelled nitrate. Hence, NO
production under aerobic conditions was due to oxidation of ammonium
(nitrification) in the alkaline cambisol, and due to reduction of nitrate
(denitrification) in the acidic cambisol. In both soils, NO production under
anaerobic conditions was due to reduction of nitrate.

Aerobic NO production by ammonium-oxidizing bacteria is not un-
expected, as it was observed in pure cultures of autotrophic nitrifiers
(Lipschultz et al. 1981; Anderson & Levine 1986; Remde & Conrad
1990) and heterotrophic nitrifiers (Papen et al. 1989). NO production in
the alkaline cambisol probably was due to autotrophic nitrifiers, since the
activity was sensitive to nitrapyrin, an inhibitor that is relatively specific
for the ammonium monoxygenase-containing nitrifiers (reviews by Kuenen
& Robertson 1988; Bedard & Knowles 1989). Nitrapyrin also inhibits
methanotrophs which also are heterotrophic nitrifiers (Bedard & Knowles
1989). However, two strains of methanotrophs proved to be effective only
in production of N,O and consumption of NO, but not in production of
NO (Kramer et al. 1990).

NO production by nitrate-reducing bacteria in aerobic soil is not
unexpected. Even aerobic soils contain sufficient anaerobic microniches
to sustain anaerobic denitrification (Parkin 1987). Furthermore, many
denitrifying bacteria are also active under aerobic conditions (Kuenen
& Robertson 1988). The significant stimulation of NO production by
anaerobiosis and nitrate addition suggests that anaerobic denitrifiers
prevail over aerobic ones and indicates that O, and even nitrate are
proximate regulators of NO-producing denitrifiers or other nitrate-reduc-
ing bacteria. It must be pointed out that our experiments did not strictly
distinguish between respiratory denitrification and other modes of nitrate
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reduction (compare Tiedje 1988). However, nitrate reduction did neither
result in a detectable accumulation of nitrite nor of ammonium, so that
nitrate respiration and dissimilatory nitrate reduction to ammonium did
not appear to be dominant processes.

Chemical production of NO (Chalk & Smith 1983), e.g. by decomposi-
tion of nitrite, apparently was not significant in our experiments, since
otherwise metabolic inhibitors should not have been efficient. The un-
importance of chemodenitrification is explained by the low concentrations
of nitrite in the soils studied. Although we cannot exclude that some of the
nitrite produced by nitrifiers or nitrate reducers was chemically decom-
posed to NO, such a chemical reaction was certainly controlled by the
availability of nitrite, i.e. by the nitrite-producing bacteria.

The reason why NO production was dominated by nitrifiers in the
alkaline soil and by denitrifiers in the acidic soil is yet unclear, but 1s
probably due to the different microbial communities in the two soils. The
alkaline soil apparently contained an active nitrifying population, whereas
the acidic soil did not. However, our results cannot be extrapolated to
other alkaline or acidic soils. Usually both nitrifying and denitrifying
bacteria are sensitive to low pH. Nevertheless, there are several examples
where nitrification or denitrification was demonstrated in acidic soils (e.g.
Parkin et al. 1985; Martikainen 1985). While the predominance of
nitrification or denitrification in the soils studied here describes a rela-
tively simple situation, other soils may exhibit a large range of variable
contributions of nitrification versus denitrification for NO release which
may furthermore be complicated by the effects of changing environmental
parameters. Quantification of the microbial sources for NO thus has
common problems with that for N,O (Firestone & Davidson 1989;
Conrad 1991).

Another important question is the partitioning of nitrogen during
nitrification or nitrate reduction towards NO production. Unfortunately,
our data do not allow us to derive exact rates for nitrification and
denitrification. Nitrification rates can either be based on the decrease of
ammonium or the increase of nitrate. Both approaches may be biased.
Because of the large activity of ammonium immobilization (especially in
the acidic cambisol), ammonium oxidation rates probably are better
approximated by the accumulation of nitrate, however, may be under-
estimated due to the loss of nitrate by denitrification. Denitrification rates
can be derived from the decrease of nitrate, but only, if corrected for
simultaneous nitrification and if immobilization of nitrate is relatively
small.

Being aware of these limitations, it may nevertheless be worthwhile to
calculate the amounts of NO released relative to the change in the nitrate
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pool. As a result, NO production by the nitrification in the aerobically
incubated alkaline cambisol accounted for 0.6 to 2.1% of the net accumu-
lation of nitrate. NO production by denitrification in the aerobically
incubated acidic cambisol accounted for 0.4 to 2.5% of the net decrease
of soil nitrate. Under aerobic conditions, the percentage loss of nitrogen as
NO apparently was independent of the pathway by which it was produced.
Only under anaerobic conditions, when NO was produced from denitrifi-
cation of nitrate, did NO production account for 3 to 9% of the net
decrease of soil nitrate (and even for 35% in case of the nitrate-fertilized
acidic cambisol).

The increased loss of nitrate-N under anaerobic conditions may par-
tially be explained by the relatively larger stimulation of NO production
versus NO consumption reactions in the soil resulting in increased NO
compensation mixing ratio under anaerobic conditions. This phenomenon
has already been described (Remde et al. 1989) and is confirmed here.
Interestingly, NO production rates and thus, compensation mixing ratios
were substantially lower, if the soils were not amended with nitrogen
resulting in lower values than observed in the same soils by us earlier
(Remde et al. 1989). This discrepancy is possibly due to seasonal changes
in NO production and is presently under investigation. Another interesting
feature was the apparent inhibition of NO production by ammonium
addition under anaerobic conditions (Tables 2 and 6). The mechanistic
basis of this phenomenon is presently not understood and needs further
research.

NO production and consumption reactions were differentially affected
by the availability of ammonium or nitrate. Thus, NO consumption was
only stimulated by nitrate, but not by ammonium, whereas NO production
was stimulated by both. The mechanistic basis for this observation is still
unclear, but we suggest that in contrast to NO production, NO consump-
tion in the soils studied was due to denitrifiers only. There is sufficient
evidence that reductive consumption of NO is common among denitrifiers
(e.g., Zafiriou et al. 1989; Remde & Conrad 1991), while NO consump-
tion by autotrophic nitrifying bacteria remains to be demonstrated.

Our measurements show that release of NO was generally larger than
release of N,O. Molar ratios of NO/N,O were in a range of > 1 to 8.
Similar ratios (2 to 14) were observed in laboratory (McKenney et al
1982) and field studies (Slemr & Seiler 1984), Other investigators found
that NO release was smaller than N,O release, e.g. NO/N,O ratios often
being < 0.1 in laboratory (Keeney et al. 1979) and field studies (Johans-
son & Granat 1984; Anderson & Levine 1987). Hence, NO release
cannot be predicted from N,O release and vice versa. More research is
necessary to understand the control of NO production and consumption
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in soil and to improve models of NO flux between soil and atmosphere
(Galbally & Johansson 1989).

Acknowledgements

We thank Dr K. Knoll (University of Konstanz) and Drs S. Slanina and J.
Woittiez (ECN, Petten, The Netherlands) for the mass spectrometric
analysis of samples, M. Baumgartner (University of Konstanz) for helpful
discussion, and Dr R. D. Bowden (MBL, Woods Hole) for critically
reading the manuscript. We thank the Dow Chemicals Company (Mid-
land, MI, USA) for a gift of nitrapyrin. This work is a contribution to
the EUROTRAC-BIATEX project and was financially supported by the
Bundesministerium fiir Forschung und Technologie (07EU719) and the
Fonds der Chemischen Industrie.

References

Anderson IC & Levine JS (1986) Relative rates of nitric oxide and nitrous oxide produc-
tion by nitrifiers, denitrifiers, and nitrate respirers. Applied and Environmental Micro-
biology 51. 938—945

Anderson IC & Levine JS (1987) Simultaneous field measurements of biogenic emissions of
nitric oxide and nitrous oxide. Journal of Geophysical Researdh 92: 965—976

Bédard C & Knowles R (1989) Physiology, biochemistry, and specific inhibitors of CH,,
NH,+, and CO oxidation by methanotrophs and nitrifiers. Microbiological Reviews 53:
68—84

Belser LW & Schmidt EL (1981) Inhibitory effect of nitrapyrin and the three genera of
ammonia-oxidizing nitrifiers. Applied and Environmental Microbiology 41: 819—821

Blackmer AM & Bremner JM (1977) Nitrogen isotope discrimination in denitrification of
nitrate in soils. Soil Biology and Biochemistry 9: 73—77

Borman M, Knoll K & Widdel F (1985) Fixation of molecular nitrogen by Methanosarcina
barkeri. FEMS Microbiology Ecology 31: 47—55

Bremner JM & Kenney DR (1965) Steam destillation methods for determination of
ammonium, nitrate and nitrite. Analytica Chimica Acta 32: 485—495

Chalk PM & Smith CJ (1983) Chemodenitrification. Developments in Plant and Soil
Science 9: 65—89

Conrad R (1991) Flux of NO, between soil and atmosphere: importance and soil microbial
metabolism. In: Soerensen J & Revsbech NP (Eds) Denitrification in Soil and Sediment.
Plenum, New York (in press)

Conrad R & Seiler W (1980) Field measurements of the loss of fertilizer nitrogen into the
atmosphere as nitrous oxide. Atmospheric Environment 14: 555—558

Crutzen PJ (1979) The role of NO and NO, in the chemistry of the troposphere and
stratosphere. Annual Reviews of Earth and Planetary Sciences 7: 443—472

Firestone MK & Davidson EA (1989) Microbiological basis of NO and N,O production
and consumption. In: Andreae MO & Schimel DS (Eds) Exchange of Trace Gases



204

Between Terrestrial Ecosystems and the Atmosphere (pp 7—21). Dahlem Konferenzen,
Wiley, Chichester

Galbally IE & Johansson C (1989) A model relating laboratory measurements of rates of
nitric oxide production and field measurements of nitric oxide emission from soils.
Journal of Geophysical Research 94: 6473—6480

Johansson C (1984) Field measurements of emission of nitric oxide from fertilized and
unfertilized forest soils in Sweden. Journal of Atmospheric Chemistry 1: 429—442

Johansson C (1989) Fluxes of NO, above soil and vegetation. In: Andreae MO & Schimel
DS (Eds) Exchange of Trace Gases Between Terrestrial Ecosystems and the Atmos-
phere (pp 229—246). Dahlem Konferenzen, Wiley, Chichester

Johansson C & Galbally IE (1984) Production of nitric oxide in loam under aerobic and
anaerobic conditions. Applied and Environmental Microbiology 47: 1284—1289

Johansson C & Granat L (1984) Emission of nitric oxide from arable land. Tellus 36B:
2537

Karki AB, Kaiser P & Pochon J (1972) Effects du chlorate de sodium sur les microbes de
la nitrification et de la dénitrification dans le sol. Etude écologique au laboratoire.
Compte Rendu de ’Academie des Sciences Paris, Série D 274: 2809—2814

Keeney DR, Fillery IR & Marx GP (1979) Effect of temperature on the gaseous nitrogen
products of denitrification in a silt loam soil. Soil Science Society of America Journal 43:
1124—1128

Krimer M, Baumgirtner M, Bender M & Conrad R (1990) Consumption of NO by
methanotrophic bacteria in pure culture and soil. FEMS Microbiology Ecology 73:
345—350

Kuenen JG & Robertson LA (1988) Ecology of nitrification and denitrification. In: Cole JA
& Ferguson S (Eds) The Nitrogen and Sulphur Cycles (pp 161—218). Cambridge
University Press, Cambridge

Lipschultz F, Zafiriou OC, Wofsy SC, Mcelroy MB, Valois FW & Watson SW (1981)
Production of NO and N,O by soil nitrifying bacteria. Nature 294: 641—643

Martikainen PJ (1985) Nitrous oxide emission associated with autotrophic ammonium
oxidation in acid coniferous forest soil. Applied and Environmental Microbiology 50:
1519-1525

McKenney DJ, Shuttleworth KF, Vriesacker JR & Findlay WI (1982) Production and loss
of nitric oxide from denitrificatin in anaerobic Brookstone clay. Applied and Environ-
mental Microbiology 43: 534—541

Papen H, Von Berg R, Hinkel I, Thoene B & Rennenberg H (1989) Heterotrophic nitrifica-
tion by Alcaligenes faecalis: NO,—, NO;—, N,O, and No production in exponentially
growing cultures. Applied and Environmental Microbiology 55: 20682072

Parkin TB (1987) Soil microsites as a source of denitrification variability. Soil Science
Societa of America Journal 51: 1194—1199

Parkin TB, Sexstone AJ & Tiedje JM (1985) Adaptation of denitrifying populations to low
soil pH. Applied and Environmental Microbiology 49: 1053—1056

Remde A & Conrad R (1990) Production of nitric oxide in Nitrosomonas europaea by
reduction of nitrite. Archives of Microbiology 154:187—191

Redme A & Conrad R (1991) Metabolism of NO in soil and denitrifying bacteria. FEMS
Microbiology Ecology 85: 81—94

Remde A, Slemr F & Conrad R (1989) Microbial production and uptake of nitric oxide in
soil. FEMS Microbiology Ecology 62:221—230

Schlichting E & Blume HP (1966) Bodenkundliches Praktikum. Parey, Hamburg

Singh HB (1987) Reactive nitrogen in the troposphere. Chemistry and transport of NO,
and PAN. Environmental Science and Technology 21: 320—327



205

Slemr F & Seiler W (1984) Field measurements of NO and NO, emissions from fertilized
and unfertilized soils. Journal of Atmospheric Chemistry 2: 1—24

Smith CJ & Chalk PM (1979) Factors affecting the determination of nitric oxide and
nitrogen dioxide evolution from soil. Soil Science 128: 327—330

Tiedje JM (1988) Ecology of denitrification and dissimilatory nitrate reduction to ammonia.
In: Zehnder AJB (Ed) Biology of Anaerobic Microorganisms (pp 175—244). Wiley,
New York

Zafiriou OC, Hanley QS & Snyder G (1989) Nitric oxide and nitrous oxide production and
cycling during dissimilatory nitrite reduction by Pseudomonas perfectomarina. Journal of
Biological Chemistry 264: 5694—5699



